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ABSTRACT
The R Aqr jet was observed with the VLA B-conÐguration at two epochs separated by D13.2 yr.

Comparison of the resulting 6 cm continuum images show that the radio jet has undergone a lateral
counterclockwise rotation of D6¡È12¡ on the plane of the sky. The model of jet parcels on independent
trajectories is difficult to reconcile with these observations and leads us to consider a path-oriented jet
(i.e., younger parcels follow the same path as older parcels). Comparison of the most recent radio image
with a nearly contemporaneous HST /FOC ultraviolet image at D2330 suggests that the ultravioletÓ
emission lies along the leading side of the rotating radio jet. In conjunction with a proper motion
analysis of the jet material that yields empirical space-velocity and resulting acceleration-magnitude
relationships as a function of distance from the central source, we evaluate the observational results in
terms of a schematic model in which the jet emission consists of plane-parallel isothermal shocks along
the leading edge of rotation. In such a radiating shock, the ultraviolet-emitting region is consistent with
the adiabatic region in the form of a high-temperature, low-density sheath that surrounds the cooled
postshock radio-emitting region. Within the context of the schematic model, we obtain the temperatures,
densities, and pressures within the preshock, adiabatic, and postshock regions as a function of distance
from the central source ; the physical parameters so derived compare favorably to previously published
estimates. We obtain a total jet mass of 3.1 ] 10~5 and an age of D115 yr. We evaluate the modelM

_in the context of its density-boundary condition, its applicability to an episodic or quasi-continuous jet,
and angular momentum considerations.
Subject headings : ISM: individual (R Aquarii) È ISM: jets and outÑows È radio continuum: ISM È

shock waves È ultraviolet : ISM

1. INTRODUCTION

R Aqr is a symbiotic stellar system comprised of a mass-
losing D1.75 (see Pedelty, & Lyon Mira-M

_
Hollis, 1997)

like long-period variable (LPV) of 387 days and a D1.0 M
_hot companion with a hypothetical accretion disk that is

believed to give rise to symmetrical jetlike structures seen at
ultraviolet, optical, and radio wavelengths (see etHollis
al. & Ulrich and et al. respec-1991 ; Solf 1985 ; Hollis 1985,
tively, and references therein). Proper-motion studies

& Johnson & Michalitsianos(Lehto 1992 ; Hollis 1993 ;
et al. show that such R Aqr radio and ultra-Hollis 1997)

violet features represent an astrophysical jet as opposed to
some other dynamical conÐguration ; additionally, the
criteria for a working deÐnition of a radio jet &(Bridle
Perley has also been shown to apply in the case of R1984)
Aqr Michalitsianos, & Hollis The R Aqr(Kafatos, 1986).
binary orbit is suspected to be highly elliptical with esti-
mates of eccentricity ranging from e[ 0.6 to e[ 0.80

et al. & Michalitsianos and the(Hinkle 1989 ; Kafatos 1982),
binary period may be as long as D44 yr Garna-(Willson,
vich, & Mattei et al.1981 ; Wallerstein 1986 ; Hinkle 1989).
The jet is believed to undergo episodic refueling at perias-
tron when LPV wind capture would be enhanced or Roche
lobe overÑow occurs.

Comparison of 2 cm radio continuum imagery taken
with the VLA and [O III] j5007 imagery taken with the

HST /FOC at nearly the same resolution shows that(D0A.2)
measurable spatial di†erences exist between the optical and
radio emission regions in the inner 2A of the northeast (NE)
R Aqr jet Dorband, & Yusef-Zadeh In this(Hollis, 1992).
work, the [O III] emission region was found further
removed radially from the central source than the 2 cm
radio continuum region. This is just the opposite of that
expected if excitation is caused primarily by a central ion-
izing source. However, in a shock-excited jet Ñowing radi-
ally outward, the higher ionization stages of a given atomic
species would be formed further from the central source
since ionization drops o† behind the shock. Hence, it was
suggested that thermal bremsstrahlung radiation in the
radio region was a relic of the passing shock front as delin-
eated by the [O III] emissionÈin this situation, the radio
emission would increase as the gas is compressed behind the
shock front, since the radio emission measure is proportion-
al to the square of the increasing electron density.

On a larger scale, 6 cm radio continuum imagery taken
with the VLA was also compared to [O III] j5007 imagery
taken with the HST /FOC, which had been convolved with
an elliptical Gaussian of the same size as the VLA limiting
resolution showing that lateral (azimuthal) spatial(D0A.6),
di†erences exist along the entire D12A extent of the eastern
edge of the NE jet & Michalitsianos In this(Hollis 1993).
work, it was suggested that the lateral spatial di†erences
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result from shock excitation in which the shock front [O III]
line emission appears on the leading eastern edge of the jet
relative to the postshock thermal radio emission. This
global jet morphology was interpreted as having been
caused by precession of a rotating collimated stream as it
encounters ambient circumstellar material.

Proper-motion studies of the R Aqr jet in 6 cm radio-
continuum emission & Johnson &(Lehto 1992 ; Hollis
Michalitsianos and in ultraviolet [O II] j2470 line1993)
emission et al. show that the bulk of the jet(Hollis 1997)
motion Ñows radially away from the LPV but that there is
also a signiÐcant component orthogonal to the radial Ñow.
These previous studies develop empirical velocity and accel-
eration magnitude relationshps as a function of distance
from the LPV. Velocity magnitudes di†er between the radio
and ultraviolet emission components, but both character-
istic velocity magnitude functions smoothly increase with
increasing distance from the LPV. Further, the ultraviolet
components show nonlinear acceleration, while the radio
components show constant acceleration. On the other
hand, both the radio and ultraviolet jet kinematics suggest a
period of D40È44 yr between enhanced material ejection.
Since these two di†erent manifestations of the jet, as rep-
resented by the radio and ultraviolet emission regions, are
in proximity but not cospatial, et al. concludedHollis (1997)
two di†erent streams of gas exist with a distinct boundary
between them.

In this work, we are motivated to explain the results of a
comparison of VLA observations of the R Aqr jet which are
separated by 13.2 yr. The comparison shows that there is an
apparent lateral counterclockwise (CCW) motion of the jet
on the sky. This motion is difficult to reconcile with inde-
pendent trajectories for the gas parcels in the R Aqr jet.
Thus, we are led to consider a path-oriented jet in which
younger parcels follow the same path as older parcels. Since
the ambient medium of the heavy jet is a less dense nebula
at D104 K et al. we adopt a simpliÐed, two-(Hollis 1987),
dimensional, isothermal shock model in which the shocked
gas of the jet cools rapidly to D104 K because of the higher
densities involved (see Michalitsianos, & HollisKafatos,

This schematic model assumes a biconical geometry1986).
for the R Aqr jet in which the ultraviolet-emitting region is
contained in a sheath around the radio-emitting core. In
this radiating shock (see for a schematicSpitzer 1978
diagram), the ultraviolet data sample the adiabatic region,
and the radio data sample the cooled postshock region. The
relevant physical parameters derived for the model (e.g.,
temperature, density, velocity, and mass and age of the jet)
agree favorably with previously published estimates. We
Ðnd the model violates no known physical constraints on
the R Aqr system and we o†er an observational test. We feel
it is premature to attempt to generate numerical solutions
of the 3-dimensional MHD equations ; instead, we are
intrigued at how much seems to be explained within the
context of our schematic model.

Finally, we caution the reader that our model discussion
is somewhat difficult to follow without frequently consult-
ing the Ðgures regarding the geometry arguments.

2. OBSERVATIONS

2.1. V L A Imagery
R Aqr was observed on 1982 September 26 and again on

1995 December 9 with the NRAO1 Very Large Array in the
B conÐguration. In 1982, 27 antennas were employed at
4885 MHz (D6 cm), utilizing an intermediate-frequency
(IF) bandwidth of 50 MHz. The 1995 observations also
employed 27 antennas and were made while the VLA was
operating in phased-array mode as part of a session with
the Very Long Baseline Array (VBLA). Two IFs were used,
but the combination of VLA constraints and VLBA
requirements meant that both were set to operate at 4985
MHz with 50 MHz bandwidths. As these are not indepen-
dent signals, the IFs were not averaged in the Ðnal pro-
cessing. For both 1982 and 1995 observations, scans of R
Aqr were interleaved with scans of the quasar 2345[167
(equivalently 2348[165 in J2000 coordinates) for phase-
calibration purposes. In 1982, the duration of an R Aqr scan
was D12 minutes on-source, and the duration of the phase
calibrator scan was D2 minutes on-source ; in 1995, this
duty cycle was reduced to D4.5 minutes for R Aqr and
D1.5 minutes for the phase calibrator. In 1982, a total of 31
scans were performed on R Aqr, and 32 scans were per-
formed on the calibrator ; in 1995, the R Aqr scans totaled
55 and the calibrator scans totaled 67.

Observations of 3C 48 were made to establish the
absolute Ñux calibration scale by assuming 3C 48 had Ñux
densities of 5.607/5.502 Jy at the frequencies used in the
1982/1995 observations. These Ñux density values are
obtained from the 1990 VLA calibrator manual and are
slightly di†erent than those used by Hollis, &Kafatos,
Michalitsianos who originally published the 1982(1983),
data. Since 3C 48 is resolved, only visibilities with baselines
less than 40 kj were used for this purpose. The boots-
trapped Ñux densities of the calibrator for the two epochs
were 3.133(20)/2.907(9) Jy. The calibrated visibilities from
each epoch were gridded onto 1024 by 1024 arrays and were
then Fourier transformed before image CLEANing (a par-
ticular method of sidelobe removal ; see andClarke 1981 ;

& Braun The AIPS task IMAGR wasCornwell 1989).
employed for this task, and clean boxes were set to include
all radio sources detected within the D9@ FWHM primary
beam. Both observing sessions yielded very similar sam-
plings of the u-v plane, and identical restoring beams (1A.67
by with a major axis position angle of 0¡) were used for1A.25
both epochs. The 1982 image was precessed to J2000, and a
further correction for the stellar proper motion was made
by aligning the peaks of the two epochs using the AIPS task
LGEOM. The resulting images for 1982 and 1995 have rms
sensitivities of 19 and 26 kJy, respectively, and are shown
superimposed in 1 (PlateFigure 5).

2.2. HST /FOC Image
R Aqr was observed on 1994 September 29 (15.5 minute

exposure) with the HST /FOC in the f/96 mode of operation
using the F2ND (*m\ 2) and F231M Ðlters (D2330 Ó
center, 230 FWHM). These data were taken after theÓ
COSTAR correction mission, which makes the HST /FOC
f/96 mode of operation e†ectively an f/151 instrument
owing to the negative lens correction, yielding an astrom-
etrically veriÐed pixel size of 0.01435 arcsec2 Jedrze-(Nota,
jewski, & Hack The predominant spectral features in1995).
the F231 Ðlter bandpass are C II] near 2326 and [O II]Ó

1 The National Radio Astronomy Observatory is operated by Associ-
ated Universities, Inc., under cooperative agreement with the National
Science Foundation.
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FIG. 2.ÈGray-scale of the 1994 HST /FOC ultraviolet image (D2330
that has been convolved with a FWHM Gaussian toÓ) 1A.67 ] 1A.25

permit same-resolution comparison with a 6 cm contour plot of the 1995 6
cm VLA image of the R Aqr jet. Radio contours are 0.08, 0.12, 0.16, 0.24,
0.32, 0.36, 0.64, 1.20, 1.60, 2.56, 3.84, and 5.12 mJy beam~1, and the peak
radio Ñux is D10.0 mJy beam~1. The box delimits the Ðeld of view of the
HST image relative to the VLA image. Comparison of the radio image
with the nearly contemporaneous HST /FOC ultraviolet image suggests
that the ultraviolet emission could encompass the radio emission in a
sheath if a shock model applies.

near 2470 The 512] 512 data frame was Ñat-Ðelded andÓ.
geometrically corrected with standard IRAF STSDAS
routines ; the resulting di†raction-limited image (D0A.2
resolution) is shown superimposed on the much coarser
resolution beam) radio data in(1A.67 ] 1A.25 Figure 1.
Therefore, it is likely that the HST image in showsFigure 1
the true morphology of the R Aqr jet. shows theFigure 2
1994 HST ultraviolet image convolved with a 1A.67 ] 1A.25
FWHM Gaussian and superimposed on the nearly contem-
poraneous 1995 radio data for same-resolution comparison.

3. MODEL DEVELOPMENT AND COMPARISON

WITH OBSERVATIONS

The morphology of the superimposed 6 cm con-Figure 1
tinuum VLA images taken in 1982 and 1995 shows that the
NE R Aqr radio jet has undergone a lateral CCW rotation

on the plane of the sky. The observed angular displacements
over the course of the 13.2 yr range from D6¡ for features
closer to the LPV to D12¡ for features at the jet extremities.
Proper-motion studies of four radio jet features C2, A, B,
and D relative to the LPV, along with relative proper-
motion studies of ultraviolet jet components NE1 and NE2,
are given in We Ðnd that a CCW angular velocityTable 1.
of yr~1 provides the best Ðt to the observed angularD0¡.5
displacements of features.Table 1

3.1. Overview of Modeling Approach
The CCW motion of the jet axis leads us to consider a

path-oriented jet and its consequences in terms of successive
isothermal shocks along the jet axis. The radio jet is at 104
K (see, e.g., et al. and the large-scale opticalHollis 1985),
nebula (e.g., see, & Ulrich and its radio counter-Solf 1985)
part et al. in which the jet is embedded are at(Hollis 1987)
104 K, thereby justifying an isothermal approximation. We
will assume that the jet is conical and that the ultraviolet
emission (adiabatic-shock region) surrounds the radio emis-
sion (postshock region at 104 K) as shown in Figure 3.
From a proper-motion analysis of data, we willTable 1
develop empirical space-velocity and acceleration-
magnitude relationships as functions of distance from the
central source (hereafter the LPV) for the ultraviolet and
radio jet material and then derive the corresponding density
relationships by invoking the mass-continuity equation
along the jet. We will then obtain the temperature of the
adiabatic shock region as a function of distance from the
LPV from isothermal shock theory. While showsFigure 3
the jet in three dimensions, our shock model is actually
two-dimensional, characterized by the jet axial coordinate s
and a whole series of independent xs. Each x is deÐned by
the idealized one-dimensional disturbance propagating
across the shock front and lies in the direction of the space-
velocity of the jet as shown in shows(V

j
) Figure 3. Figure 3

only one of the successive shock fronts for clarity and does
not show x explicitly, but x can be inferred from the
expanded inset (i.e., an idealized schematic diagram of a
radiating shock ; see also Moreover, note thatSpitzer 1978).

shows a three-dimensional sheath for the UV emis-Figure 3
sion along the leading (moving) edge of the radio cone. We
are not calculating a three-dimensional shock model that
would rightly result in an oblique shock geometry due to
the curvature of the sheath surface ; we are simply going to
apply our model to the ““ crest ÏÏ of the sheath (as deÐned by
the impinging space velocity) and see if it approximates the

TABLE 1

MOTION OF UV AND RADIO FEATURES OF THE NE JET RELATIVE TO THE LPV

PA of Featurea Distance of Featurea k Rel to LPVa PA for ka Vk b VLOS c V
j
d

NE Jet Feature (deg) (arcsec) (arcsec yr~1) (deg) (km s~1) (km s~1) (km s~1)
(1) (2) (3) (4) (5) (6) (7) (8)

LPV . . . . . . . . . . . . . . . . . . 0.00 0.000 . . . 0.0 0 0.0
NE1 (UV) . . . . . . . . . 45 0.83 0.031 45 35.7 [10 37.1
NE2 (UV) . . . . . . . . . 45 4.34 0.204 61 235.2 [25 236.5
C2 (RADIO) . . . . . . 55.9 0.82 0.047 69 54.2 [10 55.1
A (RADIO) . . . . . . . 47.5 3.70 0.096 62 110.7 [25 113.5
B (RADIO) . . . . . . . 37.5 7.57 0.145 77 167.2 [29 169.7
D (RADIO) . . . . . . . 23.1 9.20 0.165 45 190.2 [35 193.4

a Data taken from et al. for ultraviolet features and & Johnson for radio features.Hollis 1997 Lehto 1992
b Velocity in the plane of the sky resulting from proper motion of jet component relative to the LPV at 250 pc.
c Line-of-sight velocity relative to the rest frame of the LPV; derived from optical observations of & UlrichSolf 1985.
d Magnitude of the true space velocity of a jet-emission component (see(V

j
) Fig. 3).
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FIG. 3.ÈIdealized schematic of the shock-model geometry suggested by
the observations. The plane of the paper deÐnes the sky plane in this
schematic whose scale is exaggerated in order to be illustrative. The radio
emission Ðlls the cone whose s axis (dashed line) is tilted out of the sky
plane toward the observer by D10¡. The UV emission lies on the leading
edge of the shock and surrounds the relic radio emission (see TheFig. 2).
sheath being squeezed by the shock process causes higher velocities to
prevail for ultraviolet material as compared to the relic radio-material
shock velocities. The vector lies in the plane of the sky and representsVkthe velocity resulting from the proper motion of a jet component with
respect to the LPV at an assumed distance of 250 pc. The velocities andV

Alie in the plane of the sky and are orthogonal components ofV
M

Vk,representing vectors parallel and perpendicular, respectively, to the direc-
tion of the s axis projected onto the plane of the sky. The velocity Vk(equivalently components and and the line-of-sight radial velocityV

A
V

M
)

form an orthogonal three-dimensional coordinate system that(VLOS)deÐnes the true space velocity of a jet-emission component (see eqs.(V
j
)

and The text develops the model of multiple plane-parallel shocks[3] [4]).
in the direction of an ensemble of vectors that are functions of s, but forV

jclarity, only one vector is shown here.V
j

observations. In doing so, we arrive at plots of physical
parameters in terms of the parameter s. Such plots are
potentially misleading in the sense that we will string
together a whole series of simple isothermal shock results as
parameterized by s. These results at each s are truly inde-
pendent, but the physical parameters plotted against s give
the appearance of a smooth model which we caution the
reader not to misinterpret. Finally, we will use the model to
determine the mass and age of the jet.

3.2. Development of the Model
As can be determined from data, the bulk of theTable 1

jet motion is in a direction radially away from the LPV (see
cols. [2] and [5]). However, data also support theTable 1
current observations in that show a signiÐcantFigure 1
motion component orthogonal to the radial direction.
Using data, radio components C2, A, B, and DTable 1
follow an empirical proper motion magnitude relationship,

k(radio) \ 0.0492(sSKY)0.55 arcsec yr~1 , (1)

while the ultraviolet components NE1 and NE2 follow

k(UV)\ 0.0383(sSKY)1.14 arcsec yr~1 , (2)

where is the observed distance in arcseconds from thesSKYLPV (in terms of geometry, would be the projec-Fig. 3 sSKYtion of s onto the plane of the sky), and the k position angle
(i.e., direction) for each feature is given in Equa-Table 1.
tions and are plotted in and are obviously(1) (2) Figure 4
independent of the distance to R Aqr. The pronounced dif-
ference in the exponents of equations and implies that(1) (2)
the radio and ultraviolet emissions cannot originate from
the same gaseous region.

Using the magnitude of vector can beequation (1), Vkdetermined for radio emission components (see Table 1) ;
this vector lies in the plane of the sky and represents the
velocity resulting from the proper motion of a jet com-
ponent with respect to the LPV at an assumed distance of
250 pc Using the magnitude(Whitelock 1987). equation (2),
of can similarly be determined for ultraviolet emissionVkcomponents (see Moreover, optical emission-lineTable 1).
observations & Ulrich of the NE jet correspond-(Solf 1985)
ing to positions of C2/NE1, A/NE2, B, and D yield line-of-
sight (LOS) radial velocities with respect to the LPV(VLOS)as shown in The orthogonal velocities andTable 1. Vk VLOSyield jet-space velocities, whose magnitudes are shownV

j
,

in Table 1. Radio and ultraviolet components follow space-
velocity magnitude relationships

V
j
(radio) \ 57.8 s0.55 km s~1 (3)

V
j
(UV)\ 45.7 s1.12 km s~1 , (4)

where the distance s shown in is the true space-Figure 3
distance of the emission component from the LPV and is
expressed here in arcseconds for convenience (equivalently,
1A \ 3.64] 1015 cm at 250 pc). Note that the distance
parameter s is used to express the velocity magnitude
relationships without regard for velocity direction (see Fig.

Equations and are plotted in (upper3). (3) (4) Figure 5
panel). The inclination of the space-velocity vectors to the
plane of the sky (0¡ deÐnes the plane and 90¡ is toward the
observer) averages to for all radio and ultra-D10¡.7 ^ 3¡
violet components. Moreover, the space-velocity vectors

FIG. 4.ÈT op : Plot of radio-component proper motion as a function of
observed distance on the sky relative to the LPV. Bottom : Plot of
ultraviolet-component proper motion as a function of observed distance
on the sky relative to the LPV. Data for this Ðgure are taken from Table 1.
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FIG. 5.ÈT op : Plot of space velocities for radio and ultraviolet com-
ponents as a function of distance s relative to the LPV. Bottom : Plot of
space accelerations for radio and ultraviolet components as a function of
distance s relative to the LPV. The space-velocity and acceleration results
are dependent on data, the distance to R Aqr, and observed line-of-Table 1
sight radial velocities (see text).

have an average position angle direction D60¡ ^ 12¡ as
determined from the proper-motion position angles in

Thus, the bulk space motion of the NE jet isTable 1.
toward the observer and east by northeast, suggesting that
both the radio and ultraviolet components are in proximity.

Radio and ultraviolet components follow the space
acceleration-magnitude relationships

a
j
(radio) \ 5.03] 10~8 s0.10 km s~2 (5)

a
j
(UV)\ 6.44] 10~8 s1.24 km s~2 , (6)

where s is the true space distance from the LPV expressed in
arcseconds. Equations and are plotted in(5) (6) Figure 5
(lower panel). Note varies by only D25%, whilea

j
(radio)

varies by a factor of 18 over the rangea
j
(UV) 0A.9 ¹ r ¹ 9A.2.

Since these two di†erent manifestations of the jet as rep-
resented by the radio and ultraviolet emissions are under-
going acceleration that cannot be accounted for by
radiation pressure alone, et al. have suggestedHollis (1997)
that the likely propulsive force results from MHD e†ects in
accordance with the model of & Van HornKoupelis (1988).
As noted for equations and and again here for equa-(1) (2),
tions and the pronounced di†erence in the exponents(5) (6),
suggests that there are two streams of gas with a distinct
boundary between them. This assumption is valid if the
mean free paths of thermal particles are short compared to
the linear sizes of the regions involved, which would pre-
clude any appreciable di†usion of one gas stream into the
other (see & Williams We will show that theDyson 1980).
ultraviolet-emitting region is characterized in the extreme
by a high-temperature (D3 ] 105 K) and low-density
(D100 cm~3) combination that provides a thermal mean
free path of D1013 cm, or, equivalently, (at 250 pc) ;¹0A.005
such a scale size is less than the resolution of the ultraviolet
data and meets the condition for little appreciable di†usion
into the cooler, more dense radio region that possesses a
shorter thermal mean free path in comparison.

The morphology exhibited by the NE jet has been pre-
viously modeled as a garden hose with each parcel of

material ejected free to follow its own unique trajectory
& Michalitsianos However, based on the(Hollis 1993).

observations in and the dichotomy of velocity-Figure 1
magnitude relationships as expressed in equations and(1)

we are observationally constrained to assume that a(2),
continuous-jet model applies where new matter Ñows along
the path previously taken by older material ; quite possibly
the path itself could experience precessional e†ects if a path-
oriented model is correct. In this jet model, the equation of
mass conservation is

o
j
(s)V

j
(s)A

j
(s)\ K1 , (7)

where the total particle-jet density, the jet-space velocity,o
j
,

and jet cross-sectional area, are functions of theV
j
, A

j
,

distance s from the LPV and is a constant. Since theK1radio-jet data have coarse resolution, we use the corre-
sponding high-resolution ultraviolet observations (see Fig.

which suggest that a simple conÐguration for the jet is1),
that of a right circular cone with an opening apex angle of
2h D 16¡, and, hence, can be writtenequation (7)

o
j
(s)V

j
(s)s2\ K2 , (8)

where we have used and is a constant. WeA
j
(s) \ n(sh)2 K2assume that ultraviolet emission could be coming from a

hotter, lower density sheath surrounding the radio jet (see
Figs. and & Taylor An ultraviolet-2, 3, Leahy 1987).
emission sheath being squeezed by the shock process could
explain the general condition shown in and equa-Table 1
tions and that higher velocities prevail for ultraviolet(3) (4)
material as compared to radio material in close proximity.
For a sheath, 2h *h, and would stillA

j
(s) \ ns2 equation (8)

apply. The density relationships for both the radio and
ultraviolet emissions immediately follow from equations (3),

and(4), (8) :

n
j
(radio) \ K(radio) s~2.55 cm~3 (9)

n
j
(UV)\ K(UV) s~3.12 cm~3 , (10)

where s is the true space distance from the LPV expressed in
arcseconds, K(radio) and K(UV) are appropriate constants
to be determined, and we have used the relation o

j
\ n

j
kmH(where k is the mean atomic mass per particle and is themHmass of the hydrogen atom).

To determine the constants in equations and we(9) (10),
must estimate the mass-losing LPV wind density, at theo

w
,

position of the white dwarf. The appropriate relationship is

o
w

\ n
w

kmH \ M0 /(4nd2v
w
) g cm~3 , (11)

where is the mass-loss rate of the LPV, is the LPVM0 v
wwind velocity, d is the distance between the white dwarf and

the LPV, k D 0.61, and the factor of 4n results from the
usual assumption of spherical symmetry. The mass-loss rate
from the LPV has been estimated at D2.7] 10~7 yr~1M

_from radio data et al. see also(Hollis 1985 ; Michalitsianos,
Kafatos, & Hobbs although et al.1980), Michalitsianos

suggest that this may be an underestimate. Mass(1988)
transfer from the LPV to the secondary is necessary for the
formation of the accretion disk and is facilitated if the
orbital eccentricity, e, is large enough to cause Roche lobe
overÑow. The criterion in such a binary system is

where a is the semimajor axisa(1[ e)D 2RLPV, (Haynes,
Lerche, & Wright and Assuming an1980) RLPV D 300 R

_
.

orbital period of 44 yr and a total system mass of 2.75 M
_et al. a D 2.5] 1014 cm. Thus, we take(Hollis 1997),

eD 0.85 to ensure that Roche lobe mass transfer occurs and
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obtain a periastron distance of 4 ] 1013 cm, which we use
as an approximation for d in Typically, LPVsequation (11).
have radiatively driven asymptotic wind velocities in the
range 5È20 km s~1 On the other hand, for(Omont 1991).
our assumed d D twice the LPV radius, dust may not yet be
formed, but shocks or pulsations in the LPV envelope could
drive material outward at velocities no larger than 5 km s~1

& Menten In either case, adopting km(Reid 1997). v
w

D 5
s~1 for R Aqr seems a reasonable compromise. Near perias-
tron, it is highly unlikely that LPV mass loss is spherical,
and, therefore, we make the assumption that all of the mass
loss gets used up in a bicone with apex angle of 2h D 16¡
(see assumptions for above). The resultant solideq. [8]
angle )\ 2n(h)2 replaces the factor of 4n in equation (11)
which yields cm~3 at d D 4 ] 1013 cm,n

w
D 1.6] 1011

providing the initial density condition for the determination
ofK(radio) D 1.6] 106andK(UV)D 1.2] 105.Thus, equa-
tions and now provide the run of ultraviolet-region(9) (10)
and radio-region densities along the jet (see lowerFig. 6,
panel). The assumption that all the mass loss goes into the
jet is certainly questionable and, if anything, would result in
an overestimation of density. However, we note &Reid
menten have shown from observational data that a(1997)
singly evolving LPV has a typical density of D1.5] 1012
cm~3 at a radius of 4.8 ] 1013 cm; these parameters were
derived assuming spherical symmetry and, as such, support
our derived boundary conditions.

For an isothermal shock model, we assume that the radio
emission all along the jet is K and that thisT

j
(radio) \ 104

condition holds for the temperature of the ambient medium,
Since the ultraviolet-emission region is the adiabatic-T

o
.

shock region (see we know the ambient mediumFig. 3),
density (see lower panel). Further, itn

o
\ n

j
(UV)/4 Fig. 6,

can be shown that the peak temperature in the thin adia-
batic shock region is

T
j
(UV)\ 3n

j
(radio)T

j
(radio)/[4n

j
(UV)] K (12)

which is shown in (upper panel). Using the equa-Figure 6,
tion of state (k is the Boltzman constant), weP\ okT /kmH

FIG. 6.ÈT op : Plot of temperature for the thin adiabatic shock region
(UV-emitting region) as a function of distance s relative to the LPV.
Bottom : Plot of number densities for the preshock (ambient), adiabatic
(UV-emission), and postshock (radio-emission) regions as a function of
distance s relative to the LPV. This Ðgure is based on an isothermal shock
model of 10,000 K.

FIG. 7.ÈT op : Plot of gas pressure for the preshock (ambient), adiabatic
(UV-emission), and postshock (radio-emission) regions as a function of
distance s relative to the LPV. This Ðgure is based on an isothermal shock
model of 10,000 K. Bottom : Plot of cooling length for the adiabatic shock
region (UV-emitting region) as a function of distance s relative to the LPV.

can determine the run of pressures in the ambient, adia-
batic, and postshock regions of the radiating shock (see Fig.

[upper panel]). Moreover, in the rest frame of the shock,7,
the model upstream Mach number function

M \ )[n
j
(radio)/n

o
] (13)

is shown in (upper panel). For comparison,Figure 8, Figure
also shows the Mach numbers from the radio data in the8

rest frame of the LPV; that is, the shock speeds (see Fig. 3)
as represented by space velocities of radio features C2, A, B,

FIG. 8.ÈT op : Plot of Mach numbers as a function of distance s relative
to the LPV. The solid line is based on an isothermal shock model of 10,000
K, and the upstream Mach numbers were calculated in the rest frame of
the shock. Circles represent Mach numbers determined from the motion of
observed radio components relative to the Ðxed rest frame of the LPV (see

data) for an assumed distance to R Aqr of 250 pc and utilizing anTable 1
isothermal sound speed of 11.6 km s~1. Bottom : Plot of cumulative mass in
the NE jet as a function of distance s relative to the LPV. Total jet mass for
both the NE and SW jets would be double the end value shown here.
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and D shown in divided by the isothermal soundTable 1
speed of 11.6 km s~1. The Mach number determinations in
the two reference frames reasonably compare as they should
(see, e.g., & Williams Addi-Dyson 1980 ; Spitzer 1978).
tionally, in (lower panel), we have used the model toFigure 7
calculate the radiative cooling length as a function of dis-
tance in the adiabatic shock region, showing that these
lengths are rather large, providing explicit conÐrmation
that the region does not radiate. The electron density in the
radio-emitting regions can be determined from the follow-
ing :

n
e
(radio) \ n

j
(radio)(k ] 2)/5 cm~3 (14)

which yields electron number densities of 1.5] 106,
3.0] 104, and 4.9 ] 103 cm~3 for radio features C2, A, and
B, respectively ; these values reasonably compare with elec-
tron densities derived from observations : C2 D 4 ] 105
cm~3 Michalitsianos, & Hollis and(Kafatos, 1986),
Aº 2 ] 104 cm~3 and B D 7 ] 103 cm~3 et al.(Hollis
1985).

We can estimate the total mass of the NE and SW jets by
integrating the radio density function within the right circu-
lar cone of one jet and doubling the result. As a function
of distance, s, a volume element of the cone is dV \ nh2s2ds.

(lower panel) shows the cumulative mass of the NEFigure 8,
jet as a function of distance s relative to the LPV, and we
obtain a jet total mass, The ratioMTOT D 3.1 ] 10~5 M

_
.

yields a timescale of D115 yr, which is comparableMTOT/M0
to the observed age of the oldest radio jet components. For
example, & Johnson using a constant-Lehto (1992),
acceleration model, obtained ages of 95.6 and 106.8 yr for
features B and D, respectively, while & Michalit-Hollis
sianos using a slightly di†erent constant-acceleration(1993),
model analysis, obtained corresponding ages of 135.2 and
120.2 yr for these same radio features. Enhancement of the
mass loss during periastron either through Roche-lobe
overÑow or asymmetric capture due to the presence of the
hot companion is a reasonable expectation. If we assume
that the jet features are not emitted continuously but are
ejected in episodic outÑows occurring at periastron (see

Michalitsianos, & Hollis which last D1 yrKafatos, 1986)
& Michalitsianos it may well be that near(Kafatos 1982),

periastron, enhanced mass loss from the LPV is D10~5 M
_yr~1 (see Fig. 1 of appreciably higher than theSchild 1989),

quiescent LPV wind loss rate of D2.7] 10~7 yr~1 asM
_determined by et al. For episodic outÑows, theHollis (1985).

enhanced wind loss rate averaged over the D44 yr orbital
period would be reduced to a value comparable to the
quiescent wind loss rate for the case of continuous outÑow.
Thus, the episodic outÑow case would also yield a similar
age of D100 yr for the jet.

4. MODEL-RELATED ISSUES

4.1. Density-Boundary Condition and L PV Mass L oss
We view our density-boundary condition and our

assumption that all the mass loss from the LPV goes into
the formation of the jet as the two most tenuous aspects of
the isothermal-shock model. However, we derived a
density-boundary condition value that is down by an order
of magnitude from values taken from observations (see Reid
& Menten at the same distance as the R Aqr binary1997)
separation at periastron. Without assuming some density-
boundary condition, we cannot make any progress.
However, the Ðnal model result gives us a jet age that is

similar to ages published previously (see e.g., &Lehto
Johnson & Michalitsianos and this sug-1992 ; Hollis 1993)
gests that our assumptions are probably not unrealistic.

4.2. Quasi-continuous, Path-oriented Jet
Another concern is whether the jet is episodically or con-

tinually ejecting parcels of gas. Obviously, our model does
not accommodate the former since the physical parameters
shown in Figures appear to be smooth functions. For a6È8
highly eccentric orbit with eº 0.8 (see Michalit-Kafatos,
sianos & Hollis et al. the time at perias-1986 ; Hinkle 1989),
tron would be relatively short to pick up new material for
the accretion diskÈit would take D2.2 yr to go from one
endpoint of the latus rectum to the other and the rest of the
time, D41.8 yr, could be expended sending this material out
into the jet. Hence, a quasi-continuous jet could result with
observable enhancements at periastron as is suggested from
observations & Johnson & Michalit-(Lehto 1992 ; Hollis
sianos et al. Moreover, the path-oriented1993 ; Hollis 1997).
aspect of the jet is reasonable as long as the time scale for
Ðlling the path with ambient material is longer than the
presumed 44 yr period between new enhancements of
outÑow material. In terms of the model we propose, Figure

shows that the pressure in the quasi-continuous jet is7
greater than the ambient, ensuring that there would be no
Ðlling by ambient material at all. However, the observations
can be interpreted as a series of discrete parcels expelled at
orbital intervals. After being ejected 44 yr previously, a
parcel will have expanded to a radius RD 2 ] 1015 cm and
will be travelling at D100 km s~1. The timescale for Ðlling
the path after such a parcel moves on would be R/C

s
[ 60

yr where the sound speed km s~1 ; this Ðlling time-C
s
D 10

scale is a minimum since we have assumed the parcel moves
on leaving a vacuum behind, a highly unlikely situation.

4.3. Other Models
Clearly our two-dimensional, smooth schematic model

should be considered only an initial attempt to explain a
number of diverse observations in the ultraviolet, optical,
and radio regimesÈin particular, radio and ultra-Figure 1
violet data that show the apparent lateral rotation of the jet
over a 13.2 yr timespan. A full three-dimensional MHD
approach is probably beyond the scope of the extant data
for the R Aqr jet. As mentioned previously, we consider the
model of & Van Horn as worthy of pursuitKoupelis (1988)
in the case of R Aqr. In this model, a parcel of ejected dust
and gas is emitted along the rotation axis of the rotating
starÈaccretion disk system which anchors a strong magnetic
Ðeld that is frozen into the rotating parcel as well as the
central source ; since the parcel is free to expand, its rotation
rate decreases, and the Ðeld is twisted into a helix (observed
in the R Aqr jet by et al. the consequentHollis 1997) ;
increase in the azimuthal component of the magnetic Ðeld
builds up a strong magnetic pressure behind the parcel and
accelerates it along the jet (acceleration was veriÐed in the R
Aqr jet by & Johnson & MichalitsianosLehto 1992 ; Hollis

and et al. Parcel expansion would1993 ; Hollis 1997).
account for transverse displacement that increases for
increasing distance s relative to the LPV. However, our
observations in the present work show there is a CCW
preference for some lateral motion which is not included in
the & Van Horn model, and we believe itKoupelis (1988)
derives from path-oriented precession.
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4.4. Regarding Shock Instabilities
Stone, & Hardee have studied the Kelvin-Xu, (1995)

Helmholtz (K-H) instability in the beam of cooling jets to
examine if it can be responsible for some of the helical
patterns and dense knots found inside these jets. Such a
K-H model may well apply to R Aqr at some level, but our
simple isothermal-shock model does not address such
issues. We have attempted to categorize the spatial features
of the R Aqr jet in terms of a dynamical model to account
for the helical structure & Van Horn seen(Koupelis 1988)
in the ultraviolet and enhanced ejection at periastron to
account for the seeming dense emission knots, particularly
in the radio. More importantly, we do not observe signs of
instabilities (e.g., Ðlamentary structures) along the entire
leading edge of the jet. It remains to be seen if such struc-
tures exist on a scale smaller than present observations (see

a†ord.° 2)

4.5. Angular Momentum of a Path-oriented jet
The variable nature of the Mira LPV in the R Aqr system

was Ðrst detected in 1811 and the system(Harding 1816),
has been under scrutiny since that time. Its large-scale nebu-
losity was Ðrst discovered in 1921 (Lampland 1923a, 1923b).
Mira variables are the endpoints in asymptotic giant
branch evolution just prior to planetary nebula formation
and their limited lifetimes are variously estimated from
about 50,000 to 300,000 yr With the(Whitelock 1990).
advent of the jet that was Ðrst noticed above the back-
ground of the large-scale nebulosity circa 1977 (Wallerstein
& Greenstein we are obviously privi-1980 ; Herbig 1980),
leged to witness R Aqr in a relatively brief phase of its
systemic development. With that in mind, we consider the
angular momentum aspects of our path-oriented jet. Using

at our assumed distance of 250 pc, we calculateequation (9)
that the total angular momentum (J) of the observable NE
radio jet is g cm2 s~1, assuming that theJJET D 2 ] 1051
conical jet rotates on the sky at yr~1. NeglectingD0¡.5
negligible contributions from the accretion disk and stellar
rotation, the total angular momentum from binary orbital
motion is g cm2 s~1 for eº 0.8, an LPVJ

B
D 2.4] 1053

mass of 1.75 and a secondary mass of 1 Consis-M
_

, M
_

.
tent with observations (see, e.g., & JohnsonLehto 1992 ;

& Michalitsianos our model shows that the jetHollis 1993),
age (A) must be º100 yr. Therefore, the jet acquires angular
momentum at a rate g cm2 s~1 yr~1,JJET/A¹ 2 ] 1049
suggesting the removal of all the systemic angular momen-
tum in yr, assuming that the presentJ

B
] A/JJET º 12,000

state of the jet continues. Such an angular momentum time-
scale seems reasonable, given that the jet appears to be a
recent advent within a binary system containing a primary
in an ephemeral phase of stellar evolution. If the system is
undergoing a severe loss of angular momentum, it would
drastically alter the binary system and may even stop the
jet. Fortunately, it is now possible to observe the apparent
orbit of R Aqr with high-resolution 7 mm VLA obser-
vations Pedelty, & Lyon so this aspect of the(Hollis, 1997),
angular momentum question can, in principle, be obser-
vationally tested over time.

5. SUMMARY

Our 6 cm VLA observations show that the R Aqr jet has
undergone a lateral rotation of D6¡È12¡ on the plane of the
sky between 1982 and 1995, and 1994 HST /FOC imagery
at D2330 shows that ultraviolet emission lies along theÓ

leading edge of the rotating radio jet. We used proper-
motion data in both the radio and ultraviolet and radial
velocity data from optical studies to determine the space-
velocity and acceleration-magnitude relationships of the jet
material. The dichotomy in these observed magnitude
relationships at disparate wavelengths constrain us to
assume that a path-oriented jet is appropriate. We believe
that a path-oriented jet as dictated by the proper-motion
observations and further supported by the apparent lateral
rotation of the jet over the course of the last 13.2 yr is one of
the more interesting aspects of this current work. We have
not o†ered an explanation for this e†ect, but such a model
could reÑect powerful, large-scale magnetic Ðeld lines ema-
nating from a rotating hot companion and its accretion
disk. The important result is that we may have the Ðrst
observational evidence for a path-oriented jet rather than
the usually assumed garden hose model with constituent
particles or parcels experiencing independent trajectories.

To model the jet emission as consisting of plane-parallel
isothermal shocks along the leading edge of rotation, we
used the velocity-magnitude relationships for the ultraviolet
and radio material and the condition of mass conservation
along the conical jet to obtain the physical parameters (T ,
P, n) as a function of distance s relative to the LPV. The
ultraviolet-emitting region is consistent with the adiabatic
region of the radiating shock in the form of a high-
temperature, low-density sheath that surrounds the post-
shock radio-emitting cone at D104 K. The explanation we
favor is that the jet is a rotating collimated path laterally
encountering ambient circumstellar material previously
ejected in a well-documented outburst that occurred D660
yr ago. The path itself may well be a result of precession of
the accretion disk that surrounds a rotating hot companion
that probably anchors a large-scale magnetic Ðeld, giving
rise to the collimated jet. Integration of the radio density
function within the bicone yields a total jet mass of
D3.1] 10~5 which, when compared to the estimate ofM

_
,

the mass loss of D2.7] 10~7 yr~1, provides an esti-M
_mated age of 115 yr in agreement with the observed

(kinematically determined) age of the oldest radio jet com-
ponents.

We conclude that our model is self-consistent in three
observationally veriÐable aspects : agreement with pre-
viously published electron densities of jet features et(Hollis
al. Michalitsianos, & Hollis agree-1985 ; Kafatos, 1986) ;
ment with previously published velocities of jet features

& Johnson & Michalitsianos(Lehto 1992 ; Hollis 1993 ;
et al. and agreement with previously publishedHollis 1997) ;

ages of the oldest jet components & Johnson(Lehto 1992 ;
& Michalitsianos While we have shown thatHollis 1993).

the physical parameters of the model (temperature, density,
velocity, and mass and age of the jet) favorably compare to
previously published observations, the rate of angular
momentum acquired by such a jet model at the expense of
orbital angular momentum is shown to be problematic.
However, the e†ect of the jet on the apparent binary orbit
can now, in principle, be observationally tested over time.
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FIG. 1.ÈSuperimposed VLA 6 cm images of the R Aqr jet taken in 1982 (green color) and 1995 (blue color) and an HST /FOC ultraviolet image (red color)
at D2330 obtained in 1994. Note that the color white is produced when all colors combine. Comparison of the VLA images shows that the radio jet hasÓ
undergone a lateral rotation of D6¡È12¡ on the plane of the sky. Note that the restoring beam of the radio emission is while the HST image is1A.67 ] 1A.25
di†raction limited diameter core encompassing D70% of the energy for a point source). The HST image is a better estimate of the true morphology of(D0A.2
the R Aqr jet. See to compare the 1994 HST image with the 1995 radio emission at the same resolution.Fig. 2
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